We have identified telomerase activity in extracts of three evolutionarily diverse kinetoplastid species: Trypanosoma brucei, Leishmania major, and Leishmania tarentolae. Telomerase activity was initially detected in extracts from insect form cells of all three kinetoplastid species by using a modification of the one-tube telomere repeat amplification protocol [Kim, N., et al. The activity in T. brucei extracts was sufficiently robust to enable its detection in a direct assay of telomerase; enzyme processivity was found to be relatively low. The in vitro properties of telomerase suggest a possible templating domain sequence for the telomerase RNA of T. brucei. Telomerase activity is likely to contribute to telomere maintenance in these parasitic organisms and provides a new target for chemotherapeutic intervention.
Chromosomal termini, or telomeres, in most eukaryotes consist of DNA-protein complexes that are essential for genomic integrity and cell viability. Part of the telomeric DNA that is lost during each round of cell replication is replaced primarily by the action of a ribonucleoprotein enzyme complex telomerase (1) . Telomerase activity, first described in the ciliated protozoan Tetrahymena thermophila (1) , is widely distributed among phylogenetically diverse eukaryotes including yeasts, amphibians, mammals, and plants, and was recently reported in the pathogenic malaria parasite Plasmodium falciparum (2) (3) (4) (5) (6) (7) (8) . Telomerase adds dNTPs to the 3Ј end of the G-rich strand of chromosomal DNA by reverse transcription of a telomeric sequence template within the telomerase RNA subunit. Mutations in the template region of the telomerase RNA gene cause progressive shortening of the telomeres and cell senescence in T. thermophila (9) . In mice, knock-out of telomerase RNA leads to increased telomere shortening, chromosomal aberrations, and sterility (10) . The telomerase RNA subunit is generally difficult to identify because there is only limited sequence conservation at the level of secondary structure even between related species (ref. 11 , and reviewed in ref. 12) , necessitating more traditional biochemical approaches for its identification.
The cloning and characterization of the protein catalytic subunit (telomerase reverse transcriptase, TERT) of Euplotes aediculatus and Saccharomyces cerevisiae telomerases by Lingner et al. (13) made possible the identification of telomerase reverse transcriptase homologues in Schizosaccharomyces pombe and humans (14) and the ciliates T. thermophila and Oxytricha trifallax (15, 16) . The amino acid sequences of these homologues indicate that the telomerase protein subunit is a specialized reverse transcriptase, evolutionarily most related to reverse transcriptases in the non-long terminal repeat retrotransposon family (ref. 14, and reviewed in ref. 17) . In humans, the majority of somatic cells do not express telomerase enzyme activity, unlike germ line and some proliferating cells, including components of blood and epidermal tissue express telomerase (18) (19) (20) . Enzyme activity also is frequently found in immortalized cell lines and in Ϸ85% of tumors (18) . Stable ectopic expression of the human telomerase reverse transcriptase (hTERT) gene in normal primary somatic human cells results in some transfectants being able to continue to grow for many cell generations, bypassing the usual senescence (21) . In various yeast and human cells, deleting or mutating the TERT gene causes cell growth arrest and telomere shortening, culminating in senescent or aberrant cellular phenotypes (13, 14, 22, 23) . These results point to the importance of telomerase expression during proliferation of eukaryotic cell growth, and it has been suggested that suppression of telomerase activity, through the development of specific inhibitors of telomerase, may impair the proliferation not only of malignant cells but also of protozoan pathogens (7, (24) (25) (26) .
Because the commonly prescribed antikinetoplastid drugs are extremely toxic to the mammalian host, we decided to study telomerase activity in these medically and agriculturally significant protozoa. As descendants of one of the most ancient eukaryotic lineages, they differ notably from other known eukaryotes in their genomic organization, processing of all nuclear pre-mRNAs by trans-splicing, and extensive editing of mitochondrial RNAs (reviewed in refs. 27 and 28). Their genomes are essentially diploid, although aneuploidy is commonly detected by electrophoretic karyotyping of clonal laboratory strains (reviewed in ref. 29 ; M.I.N.C. and F. da Silveira, unpublished data). In T. brucei and in Leishmania spp., the variability and dynamism of the telomeric regions and their characteristic telomere-associated sequences are thought to be responsible for chromosome rearrangements and consequent polymorphisms in chromosome lengths and gene expression (29) (30) (31) (32) .
Kinetoplastid telomeres, including those of human and animal pathogens, are composed of tandem, repeated copies of a 6-bp sequence 5Ј-TTAGGG-3Ј (33, 34) , which is also found at human telomeres (35) . Although little is known about their telomere structure and function, parasitic protozoa in general have achieved a state of immortality similar to cancer cells, because parasite growth is limited primarily by host immune response or culture conditions.
Here we describe telomerase activity in semipurified extracts of three evolutionarily divergent kinetoplastid species: T. brucei, Leishmania major, and Leishmania tarentolae. We find that telomerase activity is detectable in extracts prepared from cultured insect forms of these parasites and that enzyme processivity is low compared with ciliate telomerase. A possible minimal template sequence for the telomerase RNA of T. brucei is extrapolated from the in vitro properties of telomerase activity. These findings suggest that telomerase contributes to telomere maintenance in kinetoplastid parasites.
MATERIALS AND METHODS
Parasite Species and Culture Conditions. Promastigotes of L. tarentolae strain UC were cultivated in axenic medium with 3.7% Brain Heart Infusion (Difco) supplemented with 10 g͞ml hemin at 26°C for 48 h (doubling time of Ϸ6-9 h). Promastigotes of L. major strain LmV39 were cultivated in HOSMEM II medium (36) supplemented with 10% heatinactivated FBS (Gemini Biological Products, Calabasa, CA) at 28°C for 52 h (doubling time of Ϸ8-10 h). Procyclics of T. brucei strain IsTat1.1 were cultivated in BSM medium (37) supplemented with 5% heat-inactivated FBS at 28°C for 60 h (doubling time of Ϸ12 h).
Telomerase Extraction. Whole-cell extracts of L. tarentolae were prepared after harvesting the cells by centrifugation at 5,000 ϫ g for 5 min at 4°C. Cells were washed in PBS supplemented with 2% glucose. Pellets of Ϸ5 ϫ 10 10 cells were immediately frozen in liquid nitrogen and slowly thawed at 2°C in 1ϫ TME (10 mM Tris⅐HCl, pH 8.0͞1.2 mM MgCl 2 ͞1 mM EGTA, pH 8.0) containing a mixture of protease inhibitors (0.7 g͞ml pepstatin, 10 g͞ml PMSF, 0.5 g͞ml leupeptin). Cells were lysed with 0.5% Nonidet P-40 at 2°C, and lysis was checked by reverse phase optical microscopy. TMG at a 2ϫ concentration (1ϫ TMG ϭ 20 mM Tris⅐HCl pH 8.0͞2.4 mM MgCl 2 ͞20% glycerol vol͞vol) supplemented with 1 mM DTT, 1 mM EDTA, and 1 mM spermidine, was added to the lysed cell suspension. Extract was separated from cell debris by centrifugation at 18,000 ϫ g for 20 min at 4°C. S100 was prepared by ultracentrifugation at 100,000 ϫ g for 90 min at 4°C, aliquotted, and stored in liquid nitrogen. Protein concentration (Bradford) of the resulting S100 was Ϸ36.3 mg͞ml. Extracts of Ϸ1 ϫ 10 10 L. major promastigotes or 2 ϫ 10
10
T. brucei procyclics suspended in buffer A (20 mM Tris⅐HCl, pH 7.5͞1 mM EGTA, pH 8.0͞1 mM EDTA, pH 8.0͞1 mM spermidine͞0.3 mM spermine͞5 mM 2-mercaptoethanol͞10 ng͞ml leupeptin; ref. 38) were obtained by blending cells within a mortar in the presence of liquid nitrogen. S100 extracts were prepared as above. Protein concentrations of these S100 fractions were 18.4 mg͞ml for L. major and 12.6 mg͞ml for T. brucei. Each of the above-mentioned S100 supernatants were loaded onto a DEAE-agarose column (Biogel, Bio-Rad) equilibrated with 1ϫ TMG. Columns were washed with 6 vol of 1ϫ TMG containing 0.4 M sodium acetate (pH 8.0) for L. tarentolae and T. brucei and in 0.5 M sodium acetate (pH 8.0) for L. major. Activity was eluted in 1 column-volume each 0.5 M and 0.6 M sodium acetate (pH 8.0) in 1ϫ TMG for L. tarentolae and T. brucei, respectively, and 0.7 M sodium acetate (pH 8.0) in 1ϫ TMG for L. major. Eluates were then desalted on Microcon-30 columns (Amicon) to 100 mM final salt concentration.
Telomere Repeat Amplification Protocol (TRAP). One-tube TRAP. Telomerase activity in DEAE-agarose fractions was assayed by using a modification of TRAP (18) . The TS forward primer (5Ј-AATCCGTCGAGCAGAGTT-3Ј) and a modified reverse primer, CX-ext (5Ј-GTGCCCTTACCCTTACCCT-TACCCTAA-3Ј) (39) were purchased from Operon Technologies (Alameda, CA) and gel purified before use. One-tube reactions (50 l final volume) were set up as described (18) . During standardization of TRAP conditions, we used different amounts of each extract and [␣- 32 P]dCTP. The extracts were incubated at 28°C for 1 h to allow extension of the TS primer by telomerase, followed by PCR amplification using the reverse CX-ext primer, as described (18) . The products were fractionated in 10% sequencing gels and autoradiographed or analyzed by PhosphorImager (Molecular Dynamics). The TRAP controls were single-primer reactions (no TS and no CX-ext) and reactions in which the extract was omitted (nE). Activity in the extracts was tested for RNase A sensitivity by incubation with 100 ng of RNase A (Sigma) for 5 min at 37°C before or after the telomerase reaction step and with or without 1 unit of RNase inhibitor RNasin (Promega) before addition of RNase A.
Two-tube TRAP. We adapted a two-tube procedure (40) . PCR conditions and nuclease controls were the same as for the one-tube TRAP described above (18) . To analyze the telomerase assay step separately from the PCR step, we also performed template-directed termination reactions in which the DEAE fractions were assayed under conditions in which the dNTPs were replaced by equimolar concentration of corresponding ddNTPs.
Conventional Telomerase Assay for T. brucei DEAE Fractions. To directly assay telomerase activity in extracts, a modification of non-PCR-based assay protocols was used (23, 41) . Ten microliters of a 1:1 dilution of a DEAE fraction (corresponding to Ϸ5 ϫ 10 6 cell equivalents) was assayed in a total volume of 20 l containing 1ϫ telomerase buffer (25 mM Tris⅐HCl, pH 8.3͞1 mM MgCl 2 ͞1 mM EGTA), 0.8 mM dATP, 0.8 mM dTTP, 6.5 M dGTP, 1.5 M [␣- 32 P]dGTP (800 Ci͞mmol) and 1.0 M telomeric primer. Sequences of the telomeric primers permuted at the 3Ј end and a T. thermophila telomeric primer are shown in Table 1 . All primers were obtained from Operon Technologies (Alameda, CA) and gel-purified before use. The reactions were incubated for 1-3 h at 28°C and stopped with 50 mM EDTA. Telomerase products were phenol-extracted once followed by extraction with phenol͞chloroform. Products were ethanol-precipitated in the presence of 10 g of tRNA or glycogen as carrier, washed with 70% ethanol, and resolved in 10% sequencing gels. RNase A sensitivity, chain termination, and control reactions were as described above.
Size Standards. Telomeric primers (tel 6 and tel 1, 20 pmol of each) were elongated for 5 min at 25°C with 10 units of terminal deoxynucleotidyltransferase in the buffer supplied by the manufacturer (Promega) and 10 Ci of [␣- Note that in Figs. 2 and 3A , where the marker was tel 6-labeled by addition of dC residues, the smallest strong telomerase product from the tel 2 primer comigrates with a 21-nt band. In Fig. 3B , where the markers tel 6 and tel 1 were labeled with dG (1999) residues, the corresponding smallest band migrates with a 20-nt marker fragment. This and other data showed that the migration profile of the labeled standard markers depended on whether dG or dC residues were added by terminal transferase. This observation was crucial for the accurate identification of the ϩ1 and ϩ2 products resulting from elongation of tel 1 and tel 2 by T. brucei telomerase (Fig. 3B, lanes 1 and 2) .
RESULTS
Identification and Initial Characterization of Telomerase Activity in Kinetoplastid Extracts by a Modified TRAP. In initial attempts to detect telomerase activity in parasite extracts, the one-tube PCR-based TRAP (18) was used. Briefly, after elongation of TS (forward) primer by telomerase, the products were amplified by using the reverse primer (CX) that was separated from the first reaction mixture by a wax barrier. Use of CX as the reverse primer repeatedly gave false-positive products, presumably because of staggered annealing (primerdimers) between TS and CX primers. Another reverse primer, CX-ext (39), eliminated the PCR artifacts and made the one-tube version of the TRAP more reliable for detection of telomerase activity. Fig. 1A shows the results of TRAP performed by using the CX-ext reverse primer and the relevant DEAE fractions of L. tarentolae, L. major, and T. brucei. The average sizes and intensities of the products fractionated in 10% denaturing gels were variable and differed with each parasite species, with T. brucei and L. tarentolae extracts showing a higher proportion of longer products than did L. major extracts (in Fig. 1 A, compare lanes 1 and 8 with lane 15) . With extracts from all three organisms, enzyme activity was abolished by pretreatment with 100 ng of RNase A (Fig. 1 A,  lanes 2, 9, and 16) , whereas the addition of RNase A after the telomerase reaction (Fig. 1 A, lanes 4, 11, and 18 ) or the incubation of extracts with the RNasin only (data not shown) did not affect the profile of TRAP products. Furthermore, RNasin (1 unit per reaction) protected the activity of each species from RNase A action (Fig. 1 A, lanes 3, 10, and 17) . Control reactions that omitted either one of the primers or the extract indicated that the activity was not the result of an artifact ( Fig. 1 A, lanes 5-7, 12-14, and 19-21 ). Semiquantitative assays showed that extracts of T. brucei and L. tarentolae, diluted 1:100 and 1:10, respectively, still yielded detectable TRAP products (data not shown).
We also used another variant of the TRAP (a two-tube TRAP) in which the telomerase-replication step was carried out in a separate reaction tube from the subsequent PCR reaction (40) . The results shown in Fig. 1B demonstrate that, although we used only half the amount of each parasite extract as in Fig. 1 A, telomerase products appeared as discrete robust bands. Also, the higher sensitivity of the assay permitted detection of much longer products than those shown in Fig. 1 A  (Fig. 1B, lanes 1, 8, and 15 ). This higher sensitivity was apparent in serial titrations, in which activity was detectable in L. tarentolae and T. brucei extracts down to 1:10 and 1:100 dilutions, respectively, and in L. major extracts down to a 1:5 dilution (data not shown). The elongation activity was also sensitive to pretreatment with low levels of RNase A (Fig. 1B,  lanes 2, 9, and 16) , and the products were again unaffected by the addition of RNase A after the reaction (Fig. 1B, lanes 4,  11, and 18 ), or when RNasin was incubated with extracts prior to RNase A addition (Fig. 1B, lanes 3, 10, and 17) . Omission of either TTP or dATP or replacement of one of the dNTPs by its ddNTP analog during the telomerase step abolished the synthesis of elongation products (data not shown). Similarly, reactions in which either one of the primers or the extract was omitted failed to generate any detectable PCR products (Fig.  1B, lanes, 5-7 , 12-14, and 19-21). The results obtained with the two-tube TRAP confirmed that the polymerization activities detected by using parasite extracts fulfilled the essential criteria for telomerase activity.
Moderate Processivity of T. brucei Telomerase Activity Revealed by Using the Conventional Primer Extension Assay.
Several different primer-extension assay protocols were used to identify and characterize T. brucei, L. tarentolae, and L. major telomerase activity (1, 2, 42). We chose T. brucei activity as representative because it was the most readily detectable. By using DEAE-fractionated extracts of T. brucei and modifications of conventional assay protocols for human telomerase (23, 26, 41), we optimized reaction conditions and demonstrated additional features of the polymerization reaction, providing further evidence that the activity was attributable to telomerase. As shown in Fig. 2 (lanes 1, 3 and 4) telomerase products appeared as a series of radiolabeled bands longer than the input primer, forming ladders with a 6-nt periodicity. Polymerization primed by the tel 2 oligodeoxynucleotide was sensitive to pretreatment with a low concentration of RNase A (100 ng) and was protected from such pretreatment by the addition of RNasin before RNase A treatment (Fig. 2, lanes 2  and 3) . The appearance of elongation products was unaffected when RNase A was added after substrate elongation (Fig. 2,  lane 4) . Only about six telomeric repeats were added to the 3Ј FIG. 1. Telomerase activity in kinetoplastid parasites. Lanes 1-6, T. brucei DEAE eluate; lanes 8-13, L. tarentolae DEAE eluate; lanes 15-20, L. major DEAE eluate. Telomerase products were fractionated in 10% sequencing gels to reveal the periodicity of banding pattern. In lanes 2, 9, and 16, extracts were pretreated with RNase A; lanes 3, 10, and 17, RNasin incubated with extract before addition of RNase; lanes 4, 11, and 18, RNase A was added after telomerase step incubation (ϩ). nTS, reaction performed without the forward primer; nC, reaction performed in the absence of CX-ext; nE, reaction in which the extracts were omitted. (A) One-tube TRAP using primer CX-ext as reverse primer and semipurified extracts. (B) Two-tube modified TRAP using CX-ext reverse primer. The assays were performed with half the amount of DEAE fractions used in A.
end of the input primer. Thus, enzyme processivity may be moderately low, although it depended on the dGTP concentration in the reaction (data not shown); highest processivity was seen with over 8.0 M dGTP.
Analysis of T. brucei Telomerase Activity and Templating Properties.
In previous reports, telomerases from the ciliate T. thermophila and human cells were shown to polymerize by transcribing up to the 5Ј-terminal nucleotide of the telomerase RNA templating domain (1, 5, 42, 43) . In these species, after reaching this position, a strong band in the product profile marked the translocation and͞or dissociation of telomerase from the elongated product. Consequently, when given substrates of identical length but consisting of different permutations of the telomeric repeat, telomerases produce ladders of products shifted according to the alignment of the 3Ј end of the substrate relative to the telomerase template translocation or pause position. Because such results can be diagnostic of telomerase copying its RNA template region (refs. 1, 2, 5, 42, and 44, and reviewed in ref. 11), we performed similar primer-extension assays by using a series of primers, each bearing one of the six possible permutations of the telomeric repeat (5Ј-TTAGGG-3Ј) at its 3Ј end ( Table 1 ). The shifts in banding patterns obtained in each reaction were consistent with templated synthesis of TTAGGG telomeric repeats. By analogy to other previously characterized telomerases, the strongest band is likely to correspond to the last nucleotide (the 5Ј end) of the internal template region of the telomerase RNA (Fig. 3A , Ϫ RNase A lanes and Fig. 3B, lanes 1 and 2) . On the basis of these results with the set of permuted primers, we propose the 5Ј residue of the template and a minimal 9-nt templating domain for T. brucei telomerase RNA to be 3Ј-CCCAAUCCC-5Ј, as shown in Fig. 3C . Until we obtain the sequence of the T. brucei telomerase RNA for direct comparison with our proposed template region, we will not be certain that we are not observing alternative pausing, as seen with yeast telomerases (45, 46) . A Tetrahymena telomeric primer (see Table 1 ) and the G-rich nontelomeric TS primer (see Materials and Methods) also were used as substrates for T. brucei telomerase elongation but in both cases resulted in the addition of only one detectable repeat to each primer 3Ј end (data not shown).
In some reactions, labeled products shorter than the input primer appeared sporadically (Fig. 3B, strong bands Ϫ2 and Ϫ3 in lane 1), and their origin is unknown. As their formation was not RNase A-sensitive (data not shown), they are probably not telomerase products shortened by a telomerase-associated DNA endonuclease, as has been demonstrated for Euplotes and Tetrahymena telomerase activities (47) (48) (49) , but instead they must have arisen by some other DNA-labeling and -shortening mechanisms.
The telomerase-mediated DNA synthesis reaction also was analyzed by substituting one dNTP with its ddNTP analog ( Fig.  4A and B) . Consistent with the predicted T. brucei RNA template sequence shown in Fig. 3C , when telomerase assays were primed with tel 1 (ending in -AGG) and tel 2 (ending in -TAG) (Fig. 4A, lanes 9 and 1) , reactions containing ddATP terminated after addition of 4 and 5 nt, respectively (Fig. 4 A,  lanes 2 and 10) . Reactions containing ddTTP, however, terminated synthesis after addition of only 1 nt and 2 nt, respectively (Fig. 4A, lanes 11 and 3) suggesting that ddTTP is not efficiently incorporated by T. brucei telomerase activity. Both ddATP and ddTTP apparently blocked extension primed with tel 6 before it reached the position at which the first [␣-32 P]dG residue was incorporated, because no labeled product was visualized (Fig. 4A, compare lane 5 with lanes 6 and 7) . These results are consistent with incorporation of radiolabeled dG by telomerase and polymerization up to the proposed 5Ј end of the RNA template followed by translocation and initiation of a new round of synthesis until the addition of a chainterminating ddNTP. Control reactions in which the input primer or the extract was omitted did not produce any radiolabeled reaction products (Fig. 4A, lanes 4 and 8) . By using Table 1 for primer sequences and names). The most intense bands correspond to the putative template translocation/pause position. Duplicated reactions were performed in which extracts were or were not RNase Apretreated as indicated (ϩ or Ϫ). Lane M is oligonucleotide tel 6 labeled with terminal transferase and [␣- 32 P]TTP as label, the elongation of tel 5 was blocked by ddGTP after addition of 3 nt to the primer, resulting in a chain termination product 2 nt shorter than the putative template translocation position (Fig. 4B, lanes 12 and 13) . The results of telomerase extension of tel 6 in the presence of [␣- Fig. 4B ) are consistent with a limiting level of the labeling dNTP in the reaction causing the telomerase extension reaction to pause or to stall after addition of a single residue. However, the addition of ddGTP as chain terminator in these reactions again yields a product of the predicted size (22 nt), corresponding to the expected termination 2 nt before the putative template translocation position (Fig. 4B, lanes 14 and 15) .
In conclusion, a specific telomerase detection assay by using semipurified T. brucei extracts was successfully developed. This assay has given us useful information about enzyme activity and processivity. Furthermore, it has made possible the prediction of a minimum model for the RNA template region used by T. brucei telomerase.
DISCUSSION
We have identified telomerase activity in semipurified whole cell extracts of L. tarentolae, L. major, and T. brucei. The telomerase activities from all three parasite species generated products with a 6-nt periodicity consistent with synthesis of the expected TTAGGG telomeric repeats. Telomerase activity in DEAE-fractionated extracts was assayed by using modifications of the one-and two-tube TRAPs (18, 40) , with the two-tube TRAP being the more sensitive. A conventional assay for telomerase using T. brucei extracts produced direct evidence of telomerase products without an intervening PCR amplification step, allowing us to verify and characterize telomerase activity and to propose a likely template region for the telomerase RNA of this species. This information should help identify a candidate telomerase RNA gene for this medically important human pathogen. Under our reaction conditions, we could not detect telomerase products by using crude S100 extracts, probably because of the presence of high concentrations of nucleases including RNase H (J.D. and N.A., unpublished observations). We were unable to detect telomerase activity in Leishmania extracts by using the direct assay.
Perhaps this is a reflection of the greater number of linear chromosomes, and especially minichromosomes, in T. brucei.
The primer recognition and elongation properties of kinetoplastid telomerases appear to follow the general features of ciliate, human, and yeast telomerases (1, 2, 5, 42) . Like their higher eukaryotic counterparts, the trypanosomatid activities generated a pattern of pausing after addition of each consecutive telomeric repeat to the substrate (Figs. 1, 2, and 3 ). This pattern most likely reflects either translocation or dissociation and reassociation with the substrate oligonucleotide between rounds of elongation. The preferential use of the permuted trypanosome telomeric sequence primers over other sequences (for example, Tetrahymena telomeric oligonucleotide and TS oligonucleotide) by the T. brucei activity (data not shown) also is consistent with similar preferences of telomerases of other organisms for templates that match the sequence of the endogenous telomeres. For example, telomerase derived from vegetatively growing Euplotes crassus adds only a single dG residue to the 3Ј end of nontelomeric oligos (50) . These observations combined with the results of the chain termination reactions (Fig. 4) are consistent with the addition of the expected TTAGGG repeats found at telomeres in T. brucei (33, 34) .
In addition to their presumed role in the maintenance of chromosome integrity, telomeres and subtelomeric regions in the kinetoplastid protozoa may have further significance for parasite survival. In T. brucei and in Leishmania spp., genes whose expression is regulated in proximity to telomeres have been characterized. For example, in bloodstream-form trypanosomes, the prinicipal expression sites for the variable surface glycoprotein (VSG) antigens are located at telomeres. Whereas silent or basic copy VSG genes are located at internal chromosomal positions or at inactive telomeres, a necessary but not sufficient condition for their expression is their translocation to a telomeric site known as the expression site (ES) (51, 52) . The expressed VSG gene is located 1-3 kb from the start of the repetitive hexameric telomeric sequence, organized in a long polycistronic operon (51) . Another example in which the chromosomal environment is exploited to control gene expression is the Leishmania circular and͞or linear LD1 (Leishmania DNA 1) elements or minichromosomes. These are a multicopy family of amplicons of unknown function that arise spontaneously from a subtelomeric region of the 1.9-Mb chromosome (reviewed in ref. 32 ). LD1 elements were found containing one or more different genes that are frequently duplicated and overexpressed after the translocation of LD1 to another chromosome locus (32, 53) . Thus, there is substantial evidence that gene expression in kinetoplastid parasites can be controlled by dynamic genomic reconfigurations that remove or insert critical genes at subtelomeric regions, where the telomeric environment can be exploited to silence or, as in African trypanosomes, selectively activate transcription.
Efforts should be directed at testing whether perturbing telomere replication by targeting telomerase will affect telomeric gene expression and subsequent parasite growth. Although it is known that some organisms can use other nontelomerase-mediated mechanisms for telomere maintenance (reviewed in refs. 51 and 54), telomerase could be an effective target for the development of new therapeutic strategies for the treatment of parasitic disease. The kinetoplastid parasites, with their relevant animal models and ability to tolerate genetic manipulation, should provide powerful experimental systems for reaching these goals. 5, 9 , 12, and 14) were compared with reactions in which dATP was substituted by ddATP (lanes 2, 6, and 10), TTP was substituted by ddTTP (lanes 3, 7, and 11), or dGTP was substituted by ddGTP (lanes 13 and 15). Size markers (lanes M) are terminal deoxynucleotidyltransferase-labeled oligonucleotides tel 6 with [␣- 32 
